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SUMMARY 



The changes in the mechanical properties of wood with 
temperature are of importance from the "biological as well 
as the technical point of view. Systematic experiments 
were therefore undertaken with special reference to the 
effect of gross specific weight (specific weight inclusive 
of pores) and the moisture content of wood. It was found 
that the modulus of elasticity of wood at room temperature 
and frozen at -8^ is practically the same. At lower freez- 
ing temperatures the drop in Young^-'s modulus with the mois- 
ture cOiitent is less than at •f20^- (See fig. 7.) 

There is a linear relationship between the compression 
strength and the temperature of anhydrous wood which re- 
mains above +160^. tSee figs. 10 to 12.) The slope of the 
straight lines is directly proportional to the gross spe- 
cific weight of the wood (fig. 13). In connection with 
these tests it was also shown that swelling of wood in 
liquid air does not occur; the linear heat expansion for 
fir between -190^ and +20^ was also computed. 

The effect of moisture on the compression strength of 
frozen wood was accurately explored. The curve (fig. 17) 
has two peaks: one at the boundary between pure surface 
absorption and capillary condensation, the other at the 
high moisture content at which a connected "ice lattice" 
first begins to form in the frozen wood. Theory and ex- 
periment are in good agreement in this respect. The de- 
crease in strength by maximum moisture content is derived 
j'rom the pressure-temperature chart of ice (fig. 18) « 

"Die mechanischen Eigenschaf t en verschieden feuchter 
Hilzer irn Temperaturber eich von -200 bis +200^ C." 
VDI-Forschungshef t 403, XI Bd. , July-August 1940. 
pp. 1-18. 
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The compression strength of 18 species of wood was 
tested in relation to gross specific weight (figs. 20 to 
25), which included test series for kiln-drying state, 
for about 10 percent moisture content and f.or complete 
water saturation and +20° and -42^ temperatures. Special 
importance is attached to the curve of water saturated, 
frozen wood (fig. 25) because the phase diagram of ice 
itself is affected by its aspect. 

The flezural strength of frozen wood was secured on 
several wat e r- satura t ed frozen samples. It is about twice 
as high as the bending strength of the wat er-< saturated 
wood at room temperature. According to the fracture of a 
frozen pine sample (fig. 29), the stress distribution is 
similar to that of wood at room temperature and departs 
considerably from Uavier^ s rectilinear distribution. 

Lastly, the impact strength of frozen laminated wood 
was investigated, which plainly revealed a decrease with 
the moisture content in the hygroscopic zone (fig. 30). 
A new method employing a piezoelectric indicator was de- 
veloped. 



IITTEODUCTIOIT 



The purpose of the present study was to gain a com- 
prehensive insight into the relationship existing between 
elasticity, static and dynamic strength properties under 
prolonged low temperatures, and varyingly wet and compact 
wood. Tne scope included the modiilus of elasticity in 
bending, the compression strength parallel to the fiber 
as representative of the static strength properties and, 
to a limited extent, the bending strength and the ultimate 
impact energy as characteristic for the dynamic strength. 
The test series dealing with the effect of the gross spe- 
cific weight included the most dissimilar kinds of wood, 
from especially light to heavy tropical woods, while the 
study of moisture content and t eii3p eratur e centered around 
domestic fir and beech. Obviously only wood without flaws 
and of uniformi growth was employed. Beech was selected as 
wood with scattered X'O^^s in which free water can distrib- 
ute itself much more evenly than in wood with annular 
pores, such as ash. Laminated beech wood, TBu 20, was 
em.ployed extensively in the study. 
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Young's modnlns and t.he nlt'imat'e imp^-.ct strength ^7ere 
tested on 2 by 2 by 50 centimeter specimens. The span of 
24 centimeters (betv/een supports) conformed to the &erman 
Standard DVM 2189 in the i^npact bending test, but was 
less than 15 times the height of the specimen in the bend- 
ing test and so fell outside the scope of DVM 2186. This 
discrepancy was accepted for the reason that Young's mod- 
ulus and the breaking strength under impact could be meas- 
ured on one and the same specimen. The effect of the 
shearing forces existing in short columns on the elastic 
behavior du-ring the bending test was allowed for by a 
mean shear factor ^ = 17 a» in addition to the strain 
factor a. The compression "cests were made with carefully 
manufactured prisms of 2 by 2 by 3 centimeters, that is, 
right angled with annual rings or laminations, the two 
cross section edges parallel as far as possible. The test 
specimens had the minimum dimensions permissible under the 
DYM 21S5 standard specifications. 

The most imr'Ortant factor of the entire undertaking 
was an adequate r ef r i-^erat ing plant. It consisted of an 
electrically operated automatic low-temperature refriger- 
ator of the Alfred Teves Comisany, Frankfort on the Kain, 
for temperatures from - 5^ to -60^. (See fig. 1.) The 
insert of 0.5 by 0.5 by 0.5 = 0.125 cubic meter was sur- 
rounded on all four sides by cooling coils. A thermostat 
kept the temperature correct to within il^. Two compres- 
sors driven by two electric motors of 1.5 combined horse- 
power served as a refrigerating inachine. Two refrigerant 
circuity were connected in cascade cycle, using methyl 
chloride as refrigerant on the high-pressure side, and 
propane on the low-pressure side. The ice deposit due to 
the moisture of the inflowing air when the refrigerator 
was opened was, of course, inevitable. As this appeared 
to introduce errors and uncertainties, especially'" on wood 
of low moisture content, all samples were enclosed in 
hermet rieally sealed cylinders or wslgr.mg botx-.es during 
the cooling. It is suspected that this leng'^hens the time 
necessary for cooling the test • specimens , aiuaoi'.gh no def- 
inite statement ir. as yet warranted. the us^ of the 
Fourier differential eq-^.ia't ion ,- which' at high temperatures 
yields very good results (references 6 and 7), wa'^ d.enied 
for lack of proved data on tne heat proj^erties of wood at 
low temperatures. Therefore the temperatures were meas- 
ured on tne inside of a small wooden block during the cool- 
ing in the refrigerator. The curve obtained is shown in 
figure 2. The equalizing temperature of -38^ was reached 
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after several hours. To be completely sure, in the suhse- 
quent tests, that the state of inertia had been actually 
reached and particularly that the moisture in the v7ood was 
actually completely frozen, a storage period of at least 
4-8 hours, tut frequently up to one week, was decided upon. 

This would seem to have made the tests a long drawn- 
out affair, but it had been established in preliminary 
tests that only one compression sample could be tested at 
one time on the machine and that longer technical pause 
was necessary because it had been supposed from the very 
beginning that the frozen wood must be tested between 
pressure plates with likewise correspondingly low temper- 
atures. So tne 7.9 j^ilogram steel base plate on which the 
specimen rests in the crushing test, as ^/ell as the ball 
bearing mounted pressure plate (3.1 kg) bolted on the 10- 
ton Mohr-Federhaf f universal testing machine were removed 
before each test and cooled off to the same temperature 
as the wood* At the beginning it was hoped that tests 
could be made of at least several compression specimens 
in a row by speeding up the test procedure, but it was 
found tiiat the neat from the testing macnine raised the 
temperature of the steel plates surprisingly fast above 
and below the frozen wood specimens. Figure 3 gives some 
insight into the temperature cir^ange on the plate below the 
wood. During the very first test - although it lasted 
only I4 minutes - the temperature already rose from an 
originally -22.3^ to -5.1^. On placing the second block, 
cooled to exactly the same low temperature as the first, 
the temperature remained the same so long as no load was 
applied, but as soon as the pressure v/a s applied, the heat 
content of the testing machine becam.e quickly active and 
the temperature rose from -5.1^ at the beginning to +0.8^ 
at the end of the compression test. In the succeeding 
tests the temperature of both steel plates gradually ap- 
proached room temperature of about 15.1^. 

Now it is very instructive to plot the compression 
strength deter m.ined in these tests as variable of the mean 
temperature below the block. (See fig. 4.) The compres- 
sion strength of frozen wood is intimately related to the 
temperatiire surrounding the test, and a temperature rise, 
small by itself, is accompanied by a considerable decrease 
in the compression strength. The explanation for this is 
that each temperature increase produces melting of the 
frozen v;ater in the wood or at least favors it; that the 
pressure increase of itself acts in this direction is, of 
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course, anticipated. Lastly, the mechanical energy per- 
formed in the wood iDecati-se of the compression, releases 
heat, and ice is returned again to its normal phases in 
tne wood, in colloida.lly bound ( iDnt nevertheless con- 
densed in finest colnmns "between the micelles) or free 
liq-^iid water. With ooth processes a reduction in strength 
compared to the frozen state is positively associated. 

In order to obviate these disturbances, the following 
preventative measures were taken: First, only one sample 
was crushed at one time between the cooled plates, after 
which the latter were put baclc in the refrigerator for no 
less than one hour. Next, a cooled layer of heat-resistant 
material - a 2 . 5-millimeter-thick ma so n it e- ext ra- ha rd plate 
was placed between the test specimen and the base plate, 
the temperat\ire of which adapted itself more quickly to 
that of the machine because of its longer connection with 
the table; lastly, a rin^;.: of fiber protective plate of 12- 
centimeter outsido diameter, 4-centimeter inside -diameter, 
and 18 centimeters high - previously soake^d in water and 
frozen - enveloped the sample during the test. In addi- 
tion to that, the measurements were made by two men at ac- 
celerated speed and on a YrGll-def inod schodulOt G-lovGs 
wero used throughout the tests. 



1. HODULUS 0? ELASTICITY 0? FROZEN WOOD 



The modulus of elasticity was establisned by Zeiss 
dial micrometer to within 0.01-miliimet er accuracy from 
the load-deflection diagram.- the load being raised at 
the rate of 5 kilograms up to 40 kilograms. The rigorous 
validity of Hookers law in the chosen load range is shown 
in figure 5* The steeper deflection curve was recorded 
for 24-centimeter, the flatter one for 30-centimeter span 
(between supports) • For spans I ^ 15 h (h = height of 

section), the shear forces exert no further effect on the 
elastic behavior. Here, then, the modulus of elas-ticity 
E follows the equation 

E 2^.411 (kg/cm") (1) 
f b h^ 

with P denoting the load (kg), I the span (30 cm), b 
the width of the specimen (2 cm), h its height (2 cm), 
and f the deflection related to P (in cm)'. 
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A ladnated spscinen (TBu 20), stressed parallel to 
the planes of the ply (fig. 5), afforded E = 143,700 kg/ 
cm^, according to this equation. 

For short, prismatic columns, that is, short spans, it 

is 

E = ^ j 0.25(r/h^) + 5.1 j (2) 

according to H, Bauraann (reference 2) on the^ previ ous.ly 
stated assumption, that the mean shear modulus G- = U 

is applied, • ' , 

Elsev/here, the writer has proved (reference 7). that 
equation (2) affords an unusually good allowance for the 
shear stress effect in ash wood. The departure of B "by a 
24-centimeter span, as computed "by equation (2), amounted 
to a mere 0.9 percent as coinpared to that obtained for a 
30-centimeter span with equation (1). This agreement even 
holds for laminated wood, vrliere the validity j3 = 17 a 
was in nowise predictable "beforehand. Figure 5 shows the 
deflection of the same laminated piece for a 24-con timet or 
span. The modulus of elasticity, computed from this line 
with equation (2), amounted to 147,800 l:g/cm^. The dis- 
crepancy of 4-2.85 percent was theref or-e sufficiently small 
for a material such as wood. 

A uniformly distributed moisture across the entire 
section is particula.rly important for the bending test. 
Since the highest tensile and compressive stresses occur 
in the nei\tral axis, they should not pre^sent any substan- 
tial difference in their elasticity and strength charac- 
teristics from the deeper layers. The important fact that 
overdrying of the outside layers when drying wood, in- 
creases the bending strength considerably when compared 
to th't of wood of equal but at the same time of uniformly 
distributed moisture over the section, has been known for 
a long time (reference 8). Conversely,, wetting of the 
outer layers causes a decrease in elasticity modulus and 
bending strength, and this fact had to be taken into ac- 
count in the freezing tests. This meant the use only of 
such samples as had been stored for a suitable period in 
htimidificrs and thus brought to a moisture content without 
gradient over the cross section. Such samples were amply 
available in beech plywood after 9 months^ storage in hu- 
mi dif iers . 
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Of these, one sa.rrple taken from a humidifier, with a 
rela^tive air moisture cp = 75 percent, and constant temper- 
ature of t = 20^ (corresponding to a hygroscopic wood 
moisture of around 12. percent) r/as placed without glass 
bottle in the refrigerator set at -50^ after the modulus of 
elasticity at room tempcra.turo had first "been determined. 
Then the elasticity, after 0.5, 1.5, 2.5, and 5 hours, was 
recorded again on the same sample, (See fig. 6, curve d.) 
After ahout 3 hours the state of inertia was reached and 
the modulus of elasticity rose ahout 18.5 percent over the 
initial value. But a. thin coat of ice formed on the wood 
as a result of the freezing of condensed water; hence the 
conclusion s\iggested itself that the rise in modulus of 
elasticity takes place in a different manner if, ^during 
the cooling process, the wood is protected against such 
occurrences. A second test, in which a new sample from 
the same humidifier with cp = 75 percent was first tested 
for elaisticity modulus and then placed in a hermetically 
sealed :?:lass cylinder in the refrigerator, confirmed it 
(curve if fig. 6). In spite of the greater inertia of the 
glass container, the eqtializat ion was reached after 1 hour - 
proof that the prolonged changes in modulus of elasticity 
on the first sample were, aside from the internal cooling, 
at trihutahle to surface icing. The specimen was weighed 
on a steelyard "balance after removal from the glass con- 
tainer. The weight remained the same for the first three 
hours "but showed some increase after five hours - prohahly 
a result of the glass having ahsorhed a little moisture. 
This test point was therefore rejected. The rise in mod- 
ulus of elasticity solely through cooling amounted to 12.2 
percent at the humidity in question. The error resulting 
from failure to protect the specimens against moisture is 
around 50 percent, even by the not-especially-low moisture 
content of the wood itself. On further dried-out samples 
it Vould, of course, be still greater. 

The subsequent tests were then made with specimens 
cooled in glass cylinders. All specimens stemmed from 
one plywood panel, hence they were of uniform material 
characteristics. 

Even so, it -7as i::po s iol o to prevent scattering alto- 
gether; but in order to minimize ita effect on the test da- 
ta, three samples of each test series were tested at each 
moisture content and the res'^lts averaged. The first test 
series was dedicated to the determination of the modulus of 
elasticity of the laminated specimens with different mois- 
ture content at +20 room temperature (lowe-st curve, fig. 7) 
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The curve reseribles that found for different kinds of solid 
wood (reference 6). A second test series with specimens 
frozen at -8° surprisingly revealed the moduli of elastici- 
ty of these specimens to he practically the same as at 
room temperature. The points are shown in figure 7, How- 
ever, the result can "be explained as follows: The modulus 
of elasticity of ice parallel to the frozen area is 95,000 
kg/cm^, and 112,000 kg/cm^ at right angles to it, accord- 
ing to Zoch (rcferoncc 9), Data regarding the type of 
stress and temperature arc not given. Hess' data from 
handing tests (reference 10) arc given in tahle I. 

Incomplete as these data a.ro, they nevertheless mani- 
fest that the modulus of elasticity of ice can, in order 
of magnitude, approach that of laminated wood, 

TABLE I 



Modulus 
(from Lending tests, 



of Elasticity of Ice 
L = length, B width, D = thickness) 



Temperature 

0 to -1 

-2 to -5 

0 to -1 

-1 to -5 

-1 to -5 

-1 to -3 

0 to -5 



State of Test Piece 



Principal axis parallel to L 

> ---^ do. L 

do. B 

do. B 

do. D 

Coarse grain 
Fine grain 



Modulus of 
elasticity 
kg/cm^ 



FrohaDle value for aroitrary ice (ohtained in 
different manner by averaging) 



182,000 
59, 000 
383 ,000 
418,000 
254,000 
285,000 
225,000 



276,000 



I/iore definite statements are out of the question, es- 
pecially since nothing is known regarding the icing in 
the wood, that is, the plane of layer, grain size, etc. 
It is, of course, important that the thermal expansion 
factors of ice and wood are fairly close to each other, so 
that the ice adhering to the micelles of the wood fibers 
does not reduce its content more than the wood when the 
temperature drops, Negative pressures or tensile stresses 
on the micelle structure do not occur. On rocks, where 
the cuoic expansion is one-tenth lower than on ice, such 
negative pressures are inevitable and interpreted as con- 
trioutory cause of the weathering phenomena (reference 11; 
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From the foregoing "bending tests at -8^, it can "be rightly 
concluded that at this temperature the modulus of elastic- 
ity of the frozen colloidal crater in the wood cannot he 
radically different from that of wood. Regarding the elas- 
tic behavior of wood itself at sinking temperature, noth- 
ing was known for the time teing. Two test series on spec- 
imens cooled at -30^ and -50^ gave the curves also shown 
in figure 7* These curves, at Q percent moisture, have 
accut the sarnc starting point but then break apart; the do- 
croane in modulus of elasticity with the moisture content 
becoming less as the temperature becomes lower. Then the 
computation of the proportional increase in modulus of 
elasticity at -50 with respect to wood at room tempera- 
ture, followed by coordination of these values to the rel- 
ative moisture contents yields, apart from a breakaway at 
13,4 percent moisture, a straight line through the point 
of origin (fig# 8). This proves that the comparative rise 
in modulus of elasticity of wood cooled to low tempera- 
ture relative to wood at room temperature or at not abnor- 
mally low temperatures is solely bound up with property 
changes of the swelling wa^ter frozen in the wood. 

From this it is concluded that the modulus of elas- 
ticity of the ice in wood below -8^ becomes gradually 
higher than that of the wood and therefore gains in sig- 
nificance for the elastic strains. This significance 
must, according to the foregoing agreement, be so much 
grea.ter as the temperature of the ico is lower and the 
more ice that is contained in the wood. On the elastic 
behavior of wood itself, the temperature drop in the ques- 
tioned range has no effect or only a slight effect. This 
is probably explained by the fact that the elastic behav- 
ior of wood is governed by the microscopic fibers, particu- 
larly the intergrowth of the supporting fibers in decidu- 
ous wood (the tracheids in conifers). These biologically 
induced conditions arc scarcely changed by the cooling. 
A simple consideration,' however, dictates that pronounced 
temperature effects are a natural result in strength tests 
where the breaking stress is dependent upon the internal 
cohesion and hence, on given conditions of the submiicro- 
scopic structure because hero the volume reduction on 
cooling must express 'itself in greater internal adhesive 
power. This problem is analysed in the next section. 

At the conclusion of the moasuromonts the proportion- 
al rise of modulus of elasticity of building timber of 
different moisture contents at cooling from room tempera- 
ture to -35^ was also established (table II). 
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TABLE II 



liodultis of Slasticitj' of Different Kinds of Wood 

at +20° and -35° 



• — — 

species 


G-ro s s 
p e c i f i c 
weigil.t 


l.ioistiire 
content 

percent 


Modulus of 


elasticity E 


at +20^ 
kg/crn^ 


at -35^ 
kg/c:n^ 


3 e e cli 


0.S7 


9.0 


133,200 


140,500 


Oak* 


. 30 


11.2 


90,200 


100,000 


Ash 


• 32 


9a5 


116,200 


128,400 


?ir 


.455 


7.5 


9 7,000 


99,000 



*?i'bers run irregularly. 



2. E??SCT 0? TEHPEHATUHE OIT COHESION, STEE2TGTH, AlTD 

HEAT EXPAlTSIOiT 



As the temperature rises, the resistance to form 
changes of every solid or liquid substance - constant in 
structure and composition - decreases in conformity with a 
ge;:,eral law of tenperature governing the mechanical "behav- 
ior of oodios (rofcrcnco 12/ « 

Eor metal, the proof has Doon adduced "by comprehension 
tests. To illustrate: copper, magnesium, cadmium, tin 
manifest a steady and, to a largo extent, linear decrease, 
-mile in iron and nicl'el - xjrobably dr.e to the presence of 
transformation points - the decrease is less uniform. No 
systematic studies are kno'.rn for wood except for a few 
short articles (rcforenccs 13 and 14), The loss of strength 
ahove ahout -{-120^ has, of course, heen stressed at tines 
hut this was al^rays ascrioed to chemical - never to phys-- 
ical - causes (reference 15). Since the very first com- 
pressive tests on red-heech wood disclosed that wood cooled 
to -SO*^, even in a coLvplctely anhydrous state, had a sub- 
stantially higher compressive strength than wood at room 
temperature, the temperature effect was explored through- 
out the ran,::e from about -190^^ to +220^. The -190^ tem- 
perature was produced with liquid air kept in a Dcwar ves- 
sel in order to prevent evaporation of nitrogen as much 
as possible. But even then, a gradual enrichment of oxygen 
was unavoidable as found from the increasing density of the 
liquid air (of. Landolt-3orns tein , 5. Aufl., Sd. I, S.277). 
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T'eclmical difficulties ?rere also involved in the task of 
assuring safe cooling of :70od in liquid air "v^ithout ab- 
sorbing sorae of it. This proalen seemed important since 
it was not knb^n whether a s-jelling occurs in* the liquid 
air, under 'Thich the cohesian decreases as a result of en- 
larged micelle distances and so acts against the tempera- 
ture effect. The test pieces therefore were fused in very 
thin glass capsules and "buried for several hours in liquid 
air. To assure proper heat transfer within these glass 
containers, copper chips around the wood acted as cold 
conductors. The points secured for -190° wore sufficiont- 
Iv accurate on the straight line, which was anticipated 
according to the tests at somewhat higher temperatures. 
Tlie scatter is, of course, greater at this low temperattire 
than at the higher temperatures, "but it might "be attri'but- 
od to unavoida"blc test errors (especially to the cooling 
losses). Admittedly, it is not possi'ble theoretically, to 
roach higher values if the compression test itself is made 
in the neighoorhood of -190°, The proof was adduced as 
follows: A compression piece was dipped direct in liquid 
air and cooled off in it. Previous to the test, the spec- 
imen (fir I\o, 31) weighed 5.153 grams, with a volume of 
11.16 cm^; in the liquid air it a"bsorhed about 1.74 grams, 
so its weight, after the cooling, amounted to about 6«9 
grams. More accurate data -.Tere impossible since, in spite 
of the quickest possible removal and weighing on a semi- 
automatic chemical balance, some liquid air evaporated 
and falsified the result of the weighing. However, this 
was not very important for the subsequent estimate and 
conclusions. At the cited temperature, the liquid air al- 
ready consisted largely of liquid oxygen; its specific 
gravity was about 1.12 g/cm^; that is, 1,74 grams had a 
volume of 1.95 cm^. If this liquid amount had been ab- 
sorbed int ermicellarly through swelling, the content of the 
wood sample would have had to increase by approximately 

1-S^,>i^l00 ^ 17,5 -oercent 
11.15 

As a matter of fact, the immersed wood not only failed 
to disclose any increase in volume but on the contrary, 
disclosed a reduction in volume. Radially, the kiln-dried 
block measured IS. 45 millimeters at room temperature (20 ) 
as against 19.33 millimeters after removal from the liquid 
air - thus being contracted 0,41 percent. Tangent ially, it 
measured 19.10 before testing, and 19.01 after the liquid- 
air treatment - a contraction amounting to 0.42 percent. 
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The previously cited large aniotint of liquid air therefore 
could not have penetrated the micelles, as they were not 
driven apart "but rather Drought closer together hy the 
cooling; honco the liquid air laust havo hoon ahsorocd 
capillarily. Theoretically this is easily possihlo in the 
presence of the largo proportion of pores in the employed 
fir TTood - amounting to 1 - {0.42S/l.50) = 0.716 for a 
gross specific vreight (^ith pores) of 0.426 g/cm^ and a net 
specific freight (pores subtracted) of 1,50 g/cra^. With 
12^02 cm?^volume, the wood hlock could ahsorh 12.02 x 0.716 
lol2 - 9.54 graius of liquid air "by complete filling of all 
cell cavities. The comparatively rapid absorption of liq- 
uid air is also comprehensible since the viscosity of liq- 
uid air (Landol t-Bornstein , 5. Aufl. 3d. I, S. 184) amounts 
to Ti = 6.001858 g/cm s (physical scale) at around 185.5^, 
while the viscosity of water at 20° (r; = 0.01006 g/cm.s) is 
about 5.7 times as high. 

These figures for the linear dimensional changes 
transverse to the fiber can also be applied to an apprais- 
al of the mean coefficient of expansion between +20 and 
-185°. It is 

[1 + (t^ - t,)] (3a) 

1 A-^^ (3 b) 

Inasmuch as the contraction radially and tangentially was 
about equal to the annual rin^s , only one case need be 
analyzed. Radially, we get = 19*38 mm, 1-^ ^- 19.46 mm, 

tg = -190° and t^ = 4-20°, henco 

r. = Jzll^^^ll^^ ^ 0.000019 6 

19.46 X (-190-20) 

Reference 4 quotes 0.0000341 to 0.0000584 for the 
linear- expansion of fir and pine at right angles to the 
fiber at ordinary temperatures. Our own observation fits 
into the general picture, that the expansion coefficients 
of solid bodies increase, as a rule, with rising tempera- 
ture. The theoretical connections, admittedly, are very 
complicated for anisotropic bodies. ^'or nonregular crys- 
tals (wood may be figured to the rhombic crystal system in 
elastic behavior), the expansion coefficients depend pri- 
marily upon the size of the elasticity moduli - in the 
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sense of Voigt » s crystal physics in the principal direc- 
tions - and on the thermic pressure coefficients and their 
changeability with temperature. The latter are approximate- 
ly proportional to simple Debye atomic heat functions (refer- 
ence is). Some very uniisual phenomena can occur through al- 
ternations of the oifects. 

An intermediate point hotwcen the liquid air tempera- 
ture and the loTvest tompcraturo o.ttainablc in the refrif^- 
erator uas established "by means of dry ice (-82^). Temper- 
atures above -1-20^ were produced in a thermostatically con- 
trolled Heraeus drier. The plotting of all test points 
for completely anhydrous fir wood afforded a rectilinear 
relationship (fig, 9) between compressive strength c and 
temperature t, which can bo expressed by 

Q-g = 0"3_ - n (tg - t^^) (4a) 

or, for t^, - 0 and to = t: 

<^t ^ ^0 - ^ 

Therefore, figure 9 discloses, for example, = 1050 

kg/cm^ for t ^ -100° and = 850 kg/cm ^ for t^ = 

i 0°; hence, n = 2 for the above equation. Accordingly, 

it affords ^ 850 - (2 X 220) 410 kg/cm^ for t = 

+220°, This strength is exactly the same as obtained in 
the tests. 

Since it is not feasible to draw general conclusions 
from tests on one species of conifer, further measurements 
01 the temperature effect on the compressive strength were 
carried on with kiln-dried and a.ir-driod rod beech, lami- 
nated bcoch, and balsa wood (figs, 10 and ll). It was 
found that, without cxcc-ption, a rectilinear tomporaturc- 
comprossivo strength relationship exists, that at a.bovc 
'hl60° a morc-than-proport ional drop takes place (laminated 
wood is inferior to solid wood in this respect), that the 
scatter of the test values is greatest at the lowest tem- 
pcratiires, and that the proportional strength decrease in- 
creases with increasing gross specific weight r^ of the 
wood. The last-cited fact becomes particularly plain if 
all curves arc combined in one graph (fig, 12). The pitch 
of the straight lines is so m,uch steeper as the specific 
weight of wood is higher. Thus, when the test values for 
n (- tan a in an equally divided net) are computed from 
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equation (4"b) and the corresponding figures from figure 
13, it is found that n is directly proportional to the 
gross specific V7eight r^ of the wood (fig. 13). The 
scatter itself is surprisingly small* It is 

n = 4.76 r^ (5) 

which, written in equation (4b), gives 

cr^ = - 4,75 r^ t (4c) 

The constant 4.76 has the dimension: (cm/^C), which is 
readily secured. 

Lastly, it remained to he proved af what upper temper- 
atures - and, if necessary, after what interaction in tiiue 
rate of those temperatures - the revcrsihlc physical tem- 
perature effect is accompanied or exceeded "by a nonrcver- 
sihlo chemical disintegration. Chemical changes in wood 
are, in general, according to literature, said to occur 
ahove 120^, although the chemica.1 decomposition of any ap- 
preciable speed does not occur oelow 250 (reference 17). 
Only Ilarschallck (reference IS) pointed out that a temper- 
ature of ^-loO^ results in a slight increase in compressive 
strength rather tha.ri a decrease. 

For our own experiments, prisms of usual sizes for 
compression tests were ::iachined from fir, red "beech:, and 
ply-ood - kiln-dried at 100^ and tested after cooling; 
other prisms were heated for one, two, and four hours each, 
at 150° and 200° in the drier, followed "by cooling to room: 
temperature in the desiccator over phosphorus {^qO^) ^ and 
crushed. The results (figs, 14 to 15) clearly show that a 
temperature of 160° causes no change whatever in compres- 
sive strength of fir or "beech. On laminated wood the syn- 
thetic resin content, of course, restilted in a slight loss 
of about 5 percent after four hours at 160°, At 200° a 
disintegration of the wood constituents is inevitable after 
a prolonged period, as evidenced by a marked brownness of 
the wood. 

3. COliPSESSIYS STEEIT&TH 0? FHOZSIJ 1700D 
a) Effect of Lloisture Content 



?or the tests, a specially uniform growth of red beech 
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with, a mean gross specific weight of 0^696 g/cin*^, kiln- 
dried, was available. Specimens for the compression tests 
in the hygroscopic zone were cut to 2 "by 2 "by 3 cm from 
pieces directly out of the humidifier. Damp wood, that is, 
wood with a content of free water, was ohtained by soaking 
tho "blocks in water prepared in a vessel under negative 
pressure, 'To produce the changes due to freezing, tho 
specimens of the first tost series wore crushed at room 
torapcratur o . Tho rate of loading was intentionally chosen 
higher than tho DIi\^ standard DVII 2185 hocauso on the suhso- 
quent frozen specimens the shortest possible compression 
process is essential. In this connection it may bo stated 
that the specified DliT standard DVM 2185 of 200 to 300 kg/ 
cm^"^ min as rate of loading is a little low. This is equal- 
ly evident in the specifications for airplanes and gliders 
(cd. December 1939), which give 400 kg/cm^min for ash and 
pine, 350 kg/cm^min for linden and all other conifers, and 
800 kg/cm min for laminated wood in compressive tests. To 
be sure, the specifications state that the rate of loading 
per minute should not exceed tho compressive strength in 
kg/cm^ of tho particular wood. Since tho breaking strength 
of unfrozen wood drops to around 300 kg/cm^ with the mois- 
ture content, compliance with the latter req^^irement of 
the design specifications for aircraft would dictate the 
upper load rating of tho 2185 standard. v t : :'ros".:'. -700 

?or the frozen wood - with compressive strength as 
high as 1400 kg/cm^, according to tho tests - this would 
entail a tost period of iron 4 to 5 minutes, and that would 
have boon too long in spite 0? all provcntativo measures 
against inadmissible heating. Furthermore, the marked 
plasticity of ice near tho zero point (r.of or en.cos 19 and 
20) nay causo errors in ncac-ar emen t s if the tests are pro- 
longed. Since the compressive strength of frozen wood is 
very high, the rate of loading can be raised without in- 
fringing upon the aircraft-design specifications, A timing 
of the loading rate to fit tho occasionally supposed com- 
pressive strength is, on the other hand, impossible for 
various reasons. Hence, a constant test speed of around 
800 kg/cm^min was decided upon. This probably involves a 
slight increasein compressive strength (references 21 and 
22), but the rise should be fairly equivalent in propor- 
tion on the specimens of various moisture contents and 
different cooling. 

Tho compression test data on beech with different 
moisture content at room temperature and after freezing at 
-43^ arc given in figure 17. Tho curve for the wood at 
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normal temperatures has a coinpletely normal aspect. The 
strength decrease of red "beech is almost linear. Other 
woods alGO manifest this fact, vrhile for still other spe- 
cies - such as fir - the curve is convex in the region of 
little moisture content, up to the kiln-dried state. 

The equation for the relation of compressive strength 
of "beech at room temperature, with moisture u within 
range of 0 to 20 percent, reads: 



Putting CTg = 450 kg/cm^ for u^^ = 20 percent and = 

1100 kg/cm2 for u = 0 percent, affords n = 32.5; that 
is, the compressive strength of red beech decreases per 
1 percent moisturo-contont increase "by 32.5 kg/cm^, and 
vice versa. This absolute estimate is substantially more 
accurate than the usual conversion, in the testing of mate- 
rials (cf. DIIT DVM 2185), vrhere a 5-percent decrease or 
increase in the compressive strength of wood per 1 percent 
moisture increase or decrease serves as a basis. This 
method is useful only in a very narrow range of moisture 
content. In the kiln-dried state and for very low moisture 
contents, the proportional change in compressive strength 
is substantially less than 5 percent per 1 percent of mois- 
ture variation. In our case, for instance, a moisture rise 
from 0 to 1 percent afforded a decrease of 0,05 X 1100 = 
55 kg/cm2, while as proved in the foregoing, only 32.5 kg/ 
cm^ should really bo subtracted. The error amounts to 
nearly -f70 percent^ Between 19 and 20 percent, on the 
other hand, tho empirical formula would give 0.05 X 482.5 = 
24o2 kg/cm^; or the considerable error of around 25 per- 
cent, even though it acts in the op-posite sense. A com- 
pletely exact 5-porcent increase or decrease per 1 percent 
of moisture change is afforded only by a moisture, at the 
beginning of which a 5-percent strength change per 1-percent 
moisture change amounts to 32.5 kg/cm^. This happens from 
S50 kg/cm^ on; that is, by about 13 percent moisture con- 
tent. 

The compressive strength of the frozen prisms is shown 
in figure 17, The kiln-dried wood has a much greater 
strength at low temperatures than at room temperature. The 
next test on a prism with 3.32 percent moisture content re- 
vealed an even higher compressive strength; then a uniform 
decrease, the curve running approximately parallel to that 
for room temperature. This parallelism continued even bc- 
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yond the f i^ber-saturat ion region - that is, in the presence 
of free, liquid water up to aoout 40 percent moisture con- 
tent. Then the strength increased again, to ho followed 
hy a second decrease at raaximuni-moi s tur o content in the 
vicinity of the saturation point of the wood. 

In spite of the unusual aspect of the curve, it can 
he physically explained and hrought in accord with other 
observations. The necessity of the different starting 
point has heen pointed out oeiore. Since there is no wa- 
ter in the wood and a change of state of aggregation of 
other chemical constituents at the temperature in question 
is excluded, the difference cannot he other than physical. 
This is dictated hy the general temperature law for solid 
"bodies and traces hack to a lattice change as a result of 
the temperature drop. The amount of strength discrepancy 
is, as already stated, proportional to the temperature 
difference. tith equation (4c) wo got for -42^ from the 
strength of rod oocch, r7ith r^ = 0, 696 g/cm^ at +20^ in 
height of 0* = 1100 kg/cm^, a "cold strength" of 

(J ^ = 1100 - 4,76 X 0,595 (-42 -20) ^ 1305 kg/cm^ 
as against 1555 kg/cm^ actually observed. 

The first small quantities of hygroscopic moisture 
are avidly ahsorhed hy the cellulose frame of the wood hy 
virtue of the powerfully active surface forces and are 
precipitated on the inner surface. This ahsorption con- 
tinues until the inner surface is covered \7ith a layer- of 
water of molecular thickness. If the swelling, that is, 
the ahsorption of colloidal water in the wood continues, 
the surface ahsorption changes to capillary condensation, 
where the interspaces between the cellulose micelles fill 
with suhmicroscopic fluid columns. The boundary can be 
mathematically defined as follov/s: The limiting moisture 
u is 

u = 0 c 6 CYj^/^) 100 (percent) (6) 

where 0 is the inner surface (cm^/l cm^ cellulose), c 
the cellulose portion of the wood, 6 the thickness of the 
molecixle of the absorbed fliiid (cm), ^-^ the specific 

weight of absorbed fluid (g/cm^) and 7zt the not specific 

weight of the cellulose. This approximates (reference 6) 
0=6X10^ to 10X10^ (cm^/cm^) , c =z G.57 (for red beech, 
according to C, G-, Schwalbc and E, Becker)., 5 ^ 9X10~^ (cm) 
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(accordin/T to Landol t-3ornstein) , 7-gi = 1,0 (g/cm^) for wa- 
ter, and 7jj = 1.50 (g/cra^). 

With these figures, v/e get: 

u 5 X 10^ to 10 X 10^ ( O.o? X 9 X 10"^^ X —--) X 100 

\ 1.5/ 

= (0.024 to 0,040) X 100 

The extreme moisture content at i^hich minimuin water 
columns form "between the micelles, therefore, ranges from 
S.4 to 4.0 percent, averaging 3.2 percent for "beech wood. 

Above +0^ the surface a"b3orption of water stipulates 
a decrease of strength at the cellulose micelles "because 
the micelle distances Decome greater; hence the mutual ad- 
hesive powers of the micelles \7hich, in turn, "bring a"bout 
the cohesion, hccorric less. 3ut "below +0°, this process is 
counteracted by stiffening of the micelle "bond due to the 
icing. That break phenomena are initiated on bodies with 
cellulose frame by micelle slippage is common knowledge 
(references 23 and 1:^4), Icing acts against this slippage, 
and if the analysis proceeds from the kiln-dried state, 
this effect will be so much greater as the stiffening ice 
film of the inner surface of the wood becomes denser, A 
limiting value must positively be reached at the point 
where the entire inner surface is precisely covered with a 
continuous, but the thinnest possible ice film. This point 
corresponds to the previously estimated moisture limit be- 
tween surface absorption and capillary condensation, Fur- 
ther accretion of ice will not enhance the cohesion be- 
cause ice itself has a very low specific strength. On the 
contrary, the strength then decreases, corresponding to 
the increased micelle spacing as a result of the progres- 
sive swelling. The adhesive forces exerted by the micelles 
on each other depend solely on their spacing, regardless 
of whether these are increased by interspaced fluid water 
or ice. Strictly speaking, the rate of increase in spac- 
ing on changing from water to ice should, of course, raise 
a little af a certain moistixre content because the specif- 
ic volume of ice exceeds that of water. But the effect is 
so slight that it cannot be proved in the test. It is ob- 
vious that this parallelism of moisture and strength curves 
of wood at room temperature and frozen, must positively 
continiic as far as the fiber saturation region, Selow this 
region, that is, on admittance of free liquid water in the 
coarser capillaries, the strength no longer changes 
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for temperatures above freezing point, since the swelling 
processes are terminated. 

But if the capillary ^ater turns to ice, the effect 
can be very dissimilar, depending upon the moisture con- 
tent. In the. first region - that is, up to about 40 per- 
cent - the curves for frozen and unfrozen wood- are still 
parallel; the rising ice content affects the strength no 
more than the rising content of fluid water. Further sat- 
uration gradually fills coarser capillaries completely^ 
with water. Then, if these replete cells congeal, their 
strength must positively rise, as that of a hose which, 
filled with water, can practically talie up no crushing 
pressure but i r; well able to do so if its contents arc 
frozen. Above 40^ moisture content the compressive 
strength of the frozen wood thus rises again gradually, and 
approximately reaches the corapressive strength of the^^ 
frozen wood, with only 15 percent moisture content. ITow 
it could be imagined that this strength rise continues so 
long as the .content of capillary water increases; this 
would be up to the highest possible moisture content ^^^^ix^ 
which depends upon the volume of the pores:. 

where "^-^sp* ^--^ wood moisture content at fiber satura- 
tion point (= 0.28 for the explored red beech), 7jj the 
net specific weight of the wood 1*50 g/cm-), the 
specific weight of capillary water (= 1.0 g/cm^), and- ro 
the gross specific weight of the wood in the kiln-dried 
state {'■= 0.593 g/cm^, in our example).* 

Hence we got for the explored wood. 



But considerably below this moisture content, a J)oint 
whore a kind of coherent ice lattice begins to form is 
OyLready reached. The process is somewhat as follows: TTnen 
the cells, averaging 31 percent in red-beech wood (refer- 
ence 25), are., completely filled f7ith ice, such a lattice 
occurs; that is, connected ice filaments pervade the entire 

*FSF := fiber saturation point. 
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volun:e of the vzood, hence reach from pressure plate to 
pressure plate and thus actively participate in the force 
transfer. On the particular red-"beech wood it defines a 
moisture content of about 



U-ui 



cell -oortion 



= 0.28 + -^^^ ^ 0.83 
0.69S 



At 83 percent moisture content the ice lattice in the ex- 
plored red beech therefore par ticips.t es in the transfer of 
the pressure and, "being less plastic than the unusually 
deforiaahlo wood at such high moisture, it is more strongly 
attracted than the wood - hence high pressures are exerted 
on the ice. These can also he estimated -vhon referring 
the maximum compressive stress reached at the particular 
point, to the surface portion of the ice at the cross sec- 
tion of the wood (that is, the cell portion). T?e get (see 

the test point at u - 0,36 in fig. 17) 7^"%^ ^ 3160 kg/ 

0,31 

cra^. But the ice in the wood starts to melt at a much 
lower pressure. This is explained as follows: The capil- 
lary water in the wood was frozen at normal-atmosphere 
pressure, hence ice modification I was formed. The equi- 
librium curve "between this anisotropic crystal phase and 
the isotropic fluid phase in the pros sure- tempera turc 
chart, according to Tammann (rofcronce 26) and Sridgcman 
(reference 2?) is shov/n in figure 13, The melting point 
is seen to he so much lower as the pressure is higher; for 
2200 kg/cm^, it lies ac around -22*^. But our own tests 
have proved that the temperature of the compression speci- 
mens rises during the compression tost. To illustrate: In 
figure 3, the mean temperature under a block during the 
first test - i.e,, with freshly cooled plates, amounted to 
about -14^; but a 1500 kg/cm^ pressure is enough to make 
ice I melt at this temperature, 

J'rom all these facts, it is concluded that the above- 
described formation of a coherent ice lattice in the wood 
must lead to melting of the ice during the compressive 
stress. The consequence of this melting is a drop in the 
compressive strength, as reflected on the curve in figure 
17, for the frozen wood. The drop occurs at a moisture 
content of about 85 percent. Theory and tost data are 
thus in good agreement. The physically unusual relation- 
ship between compressive strength of frozen wood and phase 
diagram of the ice is discussed elsewhere. The freezing- 
point decrease associated with the pressure rise also 
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stands out "because of tiie sudden appearance of liquid water 
despite the lovr t omporatures • The process during the 
stress is as follows: At first the ice lattice takes up 
tho principal stress; in spite of the low compressive 
strength of tho ice itself, it is possihlo hecausc the lat- 
tice is solidly irahedded in the wood mass. The compressi- 
"bility of ice (reference 9) at low pressure is K = 1#2 X 
lO"'^ cn2/kg; but, according to the discussed connections 
hctwccn pressure and melting point of ice I, the latter 
liquifies on exceeding a corresponding temperature. Then 
the wood Tvith its low strength and great plasticity, as a 
result of the maximum micelle spacing due to swelling, and 
of the suppression of the reinforcing effect of the ice 
(since it melts), can again he made to share in the support. 
The deformation of the wood therefore proceeds very rapidly 
and after a comparatively small compression, a still un- 
damaged, unmelted piece of the ice later comes into action 
again. This play is repeated in all its details, and the 
result must "be a decrease in compressive strength. 

This hrings us to tho rise in compressive strength due 
to cooling and froozin^^ from tnc technical and physiologi- 
cal point of view. Tho proportional increase itself is 
very informative (fig. 19) • The curve plotted from the 
test data has two hyperholically ascending "branches up to 
the fiber saturation" point ; a point of discontinuity lies 
at the previously discussed extreme moisture content, where 
the surface absorption at the cellulose micollos is ended. 
Above this saturation point, the curve of the proportional 
strength increase is similar to that of the compressive 
strength of the frozen wood. Since the compressive 
strength of wood at a temperature above 0^ remains con- 
stant in this zone, tho proportional strength increase 
must be proportional to tho strength itself. It should be 
remembered that, according to earlier experiences, the 
strength increase was not associated with ice formation 
but with a temperature drop. General data about a certain 
strength increase of frozen wood without consideration of 
the temperature are therefore just as worthless - yes, 
defective - as the tests in which moisture content and 
gross specific weight of the wood had not been accurately 
determined. Tho -42^ freezing temperature, on which the 
tests illustrated in figure 17 have been based, lies in 
the neighborhood of the lowest temperatures to which wood 
in a living tree is exposed* It also should be a signifi- 
cant temperature for wooden parts of buildings and air- 
craft. At slightly lower temperature, the temperature of- 
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feet is less - hence the strength increase is lower. Thus, 
the proportional strozigth increases plotted in figure 19 
may ho considered as upper-limit values, wherehy the mois- 
ture contents a.nt icirjat ed in the mean under different cir- 
cumstances must he kept in mind. On airplane parts it 
should range from 13 to 15 percent. The compressive 
strength increase in this zone amounts to about 60 to 67 
percent. On wood used for antenna towers, scaffolding, 
platforms for ski jumping, centering, bridges, etc,, the 
strength increases range from SO to 120 percent. This ap- 
Tjlies, of course, to rod beech only; other species of wood 
have different gross specific weights and must be treated 
accordingly, as explained farther on. Red-beech trunks, 
in the forest, have aii average moisture content of 65 per- 
cent; freezing of this water content at the quoted temper- 
ature results in a compr ossive-s trength increase of about 
180 percent, From the biological angle, the compressive 
strength is not as important, of course, as the elasticity 
modulus, for a tree loaded down with snow is usually 
stressed in buckling, that is, the first Euler case is in- 
volved; one end (root stock) being restrained, the other 
(troetop) free. Discounting in first approximation the 
variable inertia moment of the trunk, the buckling load is 
proportional to the elasticity modulus, (Of. table II,) 
Moreover, freezing of the entire cross section is likely 
to be very rare. During the unusually severe winter of 
1939-40, the author observed freshly felled pine trunks of 
from 30- to 40-cent ime t cr dianoter in Upper Bavaria, with 
up to 6-contimotcr (only) ice coatings in the center zones, 

b) Effect of G-ross Specific Weight 

The different gross specific weights of kiln-dried 
wood depend, as previously pointed out, solely on the pore 
proportion c, since tne net specific weight of the cell- 
wall substance of all wood is the same - whether deciduous 
or coniferous, and irrespective of habitat. Thus, from 
the theoretical point of view, the compressive strength 
of wood with specific gross weight must be obtainable 

from the compressive strength (J^y of a porelcss wood 
prism with net specific weight 7 = 1.50 g/cm^: 

CTo = (1 - c; c^y - cr^7 rj7 - I^ (8) 

The compressive strength is therefore exactly proportional 
to the gross specific weight. In practice, this holds 
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true only approxima t oly , due to disturbing influences such 
as chemical constituents which, while revising the specific 
weight, do not increase the strength (for instance, res- 
ins) or to influences promoting compressive strength (i.e., 
conparat ively high lignin content) (reference 28), or other 
anatomic peculiarities. The latter act chiefly on the 
shearing strength which, in the unidirectional stress con- 
dition, is - aside from the compressive strength - of great 
importance for the "break forraation. Figure 20 reproduces 
the relation of a numoor of kiln-dried woods at room tem- 
perature, along with the scatter in consideration of the 
very dissimilar tost material. The following species wore 
represented: 
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a straight line con- 



formable to the method of least squares of error. With 
r^ exTjressed in g/cm^, it gave for kiln-dried wood at t = 

- 1S4C r^ (kg/cm^) (9) 

Putting r^ = 1.50 g/cm^, we get (J^y = 2430 kg/cm^; that 
is', the compressive strength of an ideal wood without pores. 
This figure is closely approached by lignostone, according 
to figure 20. 
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IText , the enuiaerated kinds of wood \7ere tested in 
compression at room temperature (three pieces of each in 
every test scries) at approximately 10 percent moisture 
content and water- saturated^ The maxiniurn moisture in the 
water-saturated state was computed first according to equa 
tion (?), and then reproduced as accurately as possible oy 
repea,ted soaking hy low-pressure method on a Pfoiffer high 
power vacuum pump. The results are shown"! in figures 21 
and 22. Incidentally, we poinr.t "beforehand to the parahola 
"^^maz ~ ^(^o'* figure 25# The highest moisture contents 

resulting from the repeated soaking are, as a rule, very 
close to the theoretical limit value; only a few, such as 
walnut, white "beech, "boxwood and, particularly, lignostone 
which is manufactured from rod "beech under high-pressure 
pressing, had more or loss inferior water content. From 
the measurements, the following relations "between compres- 
sive strength and gross weight wore evolved: 



At t::.20^^cr^3 = 442 r (H) 

^-max 

(the- points for lignostone discounted) 

These simple equations are not to be considered mere 
empirical functions; the constant I.j = ^dB-^Z-^u computa- 

tle therefrom has, rather, a very plausible physical rea- 
son. The factor originally introduced by Llonnin (refer- 
ence 29) and since then having become an indispensable 
characteristic for the static strength properties of a ma- 
terial relative to light" design, is explained as a columin 
of the particular material and the exact length to produce 
crushing under its own weight. The comparison with Reu- 
leux^s conceived tearing length, the ratio of tensile 
strength to gross weight, which is an inform.ative figure 
of merit for fibers and wires, suggests itself. The "stat 

ic figure of merit," = '-'dE./''^u» where dimensional 

u 

equality must be observed and absence of buckling stress 
is, of course, tacitly assumed, is logically termed the 
"flattening length." It affords values in kilometers if 
the numerical value of the fraction is divided by 100, 
The profound relation of these values with the moisture 
content is obvious. The solidification through freezing 
also can be plainly explored. 
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On cooling to -42^, the cohesion increases and the 
compressive strength rises. J'igures 33 and 24 illustrate 
the test points for wood with u = 0 and u 10 percent 
along with the equalizing straight linos, the equations of 
which read: 

At t = -42° ^ 

0-d3,o = ^^^^ ""lo (13) 

In this connection equation (4c), which expresses the rela- 
tion of comiDr es sive strength to temperature, is indicated. 
Comljining this equation with equation (8) gives: 

- (100 - 4.75 t) r^ (14) 

where 1^ is the static q^xality fa.ctor (kra) , t the tem- 
Tjerature (^C) , and r^ the gross weight per g/cm^ in the 

kiln-dried state. The relation shows the extent of change 
of the crushing length under the effect of the temperature, 
increasing on cooling oelow 0'" and decreasing on heating 
ahove 0", which "brings out the relaxation and the increase 
of cohesion very clearly. The introduction of the valu.c 
from equation. (9) for 1^ suggests itself. It then affords 
an equation for appraising the comprossivc strength at any 
temperature and any gross weight in the kiln-dried state, 
3ut in view (cf , fig* 20) of the appreciable scattering in 
connection with compressive strength and gross weight on 
various woods, equation. (14) with 15.40 kilometers 

is suitahlo for very rough appraisals only. Computing the 
compressive strength of a wood of known grons weight and 
securing it oy test may disclose a difference of as much 
as 20 percent. On the other hand, it is repeated that the 
errors introduced hy converting the strength from one tem- 
perature to another with the aid of the discussed relation, 
are small. 

In the unfrozen state the compressive strength of 
water-saturated wood is practica.lly equal to the lowest 
possible compressive strength ootained on exceeding the 
maximum swelling value. Therefore, for the compressive 
strength as such, it is immaterial whether the highest 
possible moisture is rcaclxOd or the water content is lower, 
provided it stays on the other side ox the maximum swelling 
value. But in frozen vjood, the conditions are entirely 
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different. Then the frozen capillary v/ater has a direct 
strength-increasing effect "because it lines and stiffens 
the coll cavities, Specia^l care was therefore taken on 
the pertinent tests to assure the test possible *^ax» 
All the test points are plotted in figure 25* The follow- 
ing oxx-)lana t ion is appended: 

The equalizing curve does not start at zero point out 
at the compressive strength of ice which, as an extreme 
case of strength, must he reached hy a wood "becoming con- 
tinuously lighter with a 100-percont pore proportion. 
Since the numerical data for the strength of ice is so scat 
tered in literature and not standardized, they are shown 
compiled in tahle III. 

The scatter of the strength values is seen to he very 
substantial (the test procedure certainly has a pronounced 
effect) ; a prohaolo value for the compressive strength of 
ice is 45 kg/cm^. Balsa was thclightest wood investigated. 
17ith a gross ^oight of 0.075 g/cin^ in the kiln-dried state, 
it consists of 95 percent air and 5 percent cell-wall sud- 
stancc* Per each kilogram of solid matter, it ahsorhs by 
complete saturation from 13 to 13.5 kilograms of ^ater 
( 1300 percent; see '^^^nax ^-^^ -^s* 25). On the strength 
of this it might he assumed that the compression strength 
of such wood cov,ld not he radically different from that of 
pure ice. But as a matter of fact, it is about ten times 
as high. This is attributable to the specially beneficial 
interaction between the wood structure and the ice. Pre- 
sumably, the ice - which, as a result of the employed im- 
pregnation method was, moreover, completely free of air 
has a much higlier compressive strength then than in the 
ordinary state, since it is enclosed between the cell 
spaces of the wood. Since these cell walls have a compar- 
atively very high tearing strength, they certainly lower 
the compressibility of the ice. Examination of the other 
test points obtained for woods with progressively increas- 
ing gross weight and hence decreasing '^i^s.x P^^^iits some 
pertinent observations up to about 0.5 g/cm^ gross weight 
in the kiln-dried state. Above this weight the strength 
values drop abruptly. Its first occurrence was ascribed 
to chance or to an error in measurement, and attempts were 
made to prevent a repetition bi" check tests. But the jump 
not only persisted but became even more plain as the num- 
ber of test values increased. So the first-obtained curve 
for the very light and the light species of wood breaks 
off suddenly and the strength of the more compact wood ap- 
pears in a curve of lower location. 



TISLS III 



Strength of Ice 



Type of ice 
and 
stress 


Compressive strength 


Tensile strength 


Source - 


kg/ cm ^ 


at t^ 


kg/ cm^ 


at t'^ 


Parallel To 
at right natural 


• 75 
130 


-11 


70 to 175 


-7 


Hutte: Des Ingenieurs g 

Taschenbuch, 26-Aufl. o 

Serlin. W. Ernst & ^ 

Sohn:, 1935, S. 890. ^ 

o 


Test piece of 
distilled T^ater 
or of finely 
pov7dered ice T/ith 
distilled water 


34.0 to 42 to 54.4 


-8 


14.8 to 17.0 to 24.8 


-8 




Romanovicz, H. , and ^ 

Eonigmann, 3. J. M. JJ* 

Zug- und Druckf es- P 

tigkeit von Eis - ^ 

Forsch. Ing.-V?es., ^ 

Bd. 3 (1932), S. 90. B 

o 


Ice of v/ater- 
soaked snov/ 

Ice of non- 
distilled T7ater 

Natural icicles 


34 


-3.5 


7.6 to 12.7 to 19.1 
2.5 to 5.7 to 11.2 
9*5 to 12.5 to 19.0 


-3.5 
-3.5 
-3.5 




P 

Haefeli, H. , 1939 (19) P- 

o 
* 


Milky ice 
Clear ice 


40 to 80 
30 to 100 


-5 to -9 


50 to 120 


-5 to -9 


^ 

CO 

Bautechnisches Labora- i^s^ 
t<j>rium der T. H. 
Munchen (briefliche 
Mitteilung) 



* 

Reference 19« 



CO 
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On the "basis of the cited phase diagram for ice, an 
explanation for this peculiar "behavior is indicated. The 
♦'ice lattice'' in the wood is so nuch more compact and has 
so much greater total cross section as the weight of the 
T/ood is lighter - that is, the more water per unit volume 
it contains when completely saturated. And since at the 
same time the highest loads 'are comparatively small, the 
lightest woods in ice" show compressive stresses of from 
500 to 800 kg/cm^. As the gross weight rises, the ice 
portion "becomes less, hence the ice lattice becomes contin. 
uously finer. Then, when it is observed that it results 
in stea^dily rising stresses, it may he assumed that it con 
tributes substantially toward the absorption of the pres- 
sure. 3y a gross weight in the kiln-dried state of around 
0,5 g/cm^, stresses of at least 1000 kg/cm^ are reached. 
?or beech wood with r^ = 0.595 g/cm^, a theoretical com- 
pressive stress in ice of more than 3000 kg/cm^ had boon 
computed earlier in the report. 17ow to each pressure (fig 
18) a, melting point can bo coordinated which is loca-ted as 
much lower as the pressure is higher. To illustrate: For 
1000 kg/cn^ the melting point defines -9°, for 1500 kg/ 
cn^, about -14^. It was stated elsewhere that the moan 
temperature under *thc test pieces in the compression test 
is higher than the freezing temperature of the wood in the 
refrigerator (fig. 5). 3y reason of the combined action 
of all of these factors, a limit evolves which, with the 
chosen tost procedure and temperature ranges for the pres- 
ent at r^ = 0.5 g/cm^, a limit at which the compressive 
stresses in the ice are sufficient to bring it to melting. 
This naturally is accompanied by an immediate decrease in 
the breaking stresses of the frozen wood, since the sur- 
rounding wood is softened again by the molting water. 
This fully explains the discontinuous aspect of the curve, 
but it remains to prove the theory by an actual test. 
This TTas accomplished as follows: The melting point de- 
pends upon the pressure and t em/peratur e , so if care is 
taken to keep the temperature of the pressure plates es- 
pecially low and preclude any cold losses, the melting 
starts at higher pressures than it would without these 
precautionary mea.sures. ^ith this in mind, several tests 
were made between prer^surc plates cooled in dry ice; as 
anticipated, the test points - indicated thus: 6 (fig. 
25 - fell on the continuation of the first curve. The 
break was gone. In practice, of course, such low tempera- 
tures can be reckoned with only in very rare cases. Ordi- 
nary freezing temperatures are not sufficient for protect- 
ing frozen wood containing much water under compression 
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from melting of ice in the wood under increasing stress 
and hence against loss of strength. The prol^lem of defin- 
ing the end point in which the curve for water-saturated 
wood must terminate "by rQ = 1«50 g/cm^ was also explored. 
This was necessary "because the measurements on lignostone 
(with r^ = 1.35 g/cm^) gave entirely wrong figures. 

The reason for this (sec fig. 25) was the impossibility 
to bring this wood, even approximately, to a saturation 
moisture comrnonsurat o with its volume of poros and its mass. 
Since the moisture was much below the maximum swelling 
value, even the strength, naturally, was much too high. An 
ideal wood with r^ = 1.50 g/cm^ would contain.no micro- 
scopic pores, hence could absorb no free water, but merely 
swell colloidally. In this extreme case, "^xnax ""^PSP (^SP = 
fiber saturation point). This holds for the frozen as 
well as for the unfrozen state, A compressive strength 

of (j^ = 655 kg/cm^ was then extrapolated for a water- 
a X 

saturated wood witli r^ = 1.50 g/cm^ 22) at room 

temperature. According to figure 17, the compressive 
strength of frozen beech on the fiber saturation point in 
relation to nonfrozen beech is as 2:1 at the chosen test 
t emj)eratures (+20^ and -42^). This, then, affords a the- 
oretical end point of around 1330 kg/era^* Connecting 
this point with the zero point of the axes system, the 
line . — in fig. 25) illustrates the connection between 
the compressive strength and the kiln-dry weight of ^wood 
frozen at -42 at the imaximum swelling value. The depart- 
ure of the ordinates of the curves for water-saturated 
wood from the straight lino of maximum swelling value gives 
an indication of the effect of the frozen free water on 
the compressive strength. 

It is misleading to assume that the solidification of 
ice is in all cases accompanied by a greater brittloness 
(reference 5). If by brittloness is meant the tendency of 
a body to abrupt breaking under the effect of outside 
forces, 7/ithoVct prior major form changes, the brittloness 
of ice depends to a comparatively great extent on the type 
and rate of stress as well as on the temperature (refer- 
ence 20). On the c om 0 oun d body, wood-ice, the conditions 
arc even more complicated, although the illustrated cases 
of failure of f rozen water-saturated specimens indicate 
that - at the chosen test conditions - the tenacity and 
plastic def ormabili ty rather than the brittleness, increase. 
Figure 25 shows several crushed balsa pieces. While this 
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kind of wood when unfrozen, l^ecause of its particular ana- 
tomical structure is almost instantaneously crushed flat 
on exceeding the creaking strength, or splintered by suffi- 
cient low moisture (i.e., kiln-dri od) , the same halsa wood 
wator-satiirat od^and frozen manifests the usual slippage 
planes below 45 - that is, in the direction of the maximum 
shearing stresses. Denser wood, such as walnut or red 
hooch (fig. 27), deform in the compression test, with the 
characteristic bulging and flattening of tenacious materi- 
als (such as brass). 



4.. THE BBITDIITfr STHEITGTH 0? FROZHU WOOD 



Several pieces, used previously in the determination 
of Young's modulus for air dryness at room temperature 
and -35^, were sa tura t ed • wi th water as far as possible by 
vacuum drying. A moisture content of 93 percent was ob- 
tained for beech, 99 percent for ash, but of only 55 per- 
cent for pine. This, of course, is due to the anatomic 
nature - that is, the presence of cells in the cited de- 
ciduous trees, and the structure of closed tracheids in 
coniferous wood. The water-saturated samples were then 
frozen at -35^ and the Your.p:'s modulus secured. It amount- 
ed to 132,700 kg/cm''^ for beech, 113,000 kg/cm^ for oak 
(this piece was subsequently rejected because of its 
crooked fibers, shown^up at failure), 127,800 kg/cm^ for 
ash, and 97,200 kg/cm"^ for pine. On comparing these fig- 
ures with the values of table II, it is seen that the 
pieces which in water content are far above the fiber satu- 
ration point, regain the same stiffness by freezing that 
they possess in the air-dried state at room temperature* 
Only oak showed a substantial improvement over this state; 
here the ice, with its comparatively much higher elasticity 
modulus (table I ), is more effective. 

The subsequent bending tests afforded, c-^-g = 1314 kg/cm 
for beech, 1080 kg/cm^ for oak, 1355 kg/cm^ for ash, and 
950 kg/cm^ for pine. These figures are about twice as high 
as the bending strength cr^-g of identical and equivalent 

water-saturated wood at room temperature. Of course, this 
argument must be applied with care, since the moisture 
content has no effect on the bending strength of unfrozen 
wood above the fiber saturation point, cut a decided ef- 
fect on the strength of frozen wood, A relationship simi- 
lar to that for the compressive strength (fig. 17) might be 
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assuined. Then the uniform moisture distribution, so diffi- 
cult to achieve in a test, is of prime importance, as mani- 
fested by Vorreiter (reference 5), who established the fol- 
lowing stages of bending strength with the moisture con- 
tent, or better, with the ice content. ?or fir, frozen at 
-14^, as follo';7s: 

Ice content percent 22 163 195 212 

Bending strength kg/cm^ 500 580 720 770 

Thuncll^s experiments (reference 30) on Swedish pine 
(u := 12 -percent, r.^ 0.42 g/cm^) gave an increase in 
bonding strength of from 750 ]£g/cm^ at +22 to 1033 kg/ 
cm^^ at -18^ C, or +35.5 percent. 

The texture of the break in the frozen bending speci- 
mens is fundamentally the same as in the unfrozen ones. 
The compression zone, in particular, discloses no appreci- 
able difference. But in the tension zone, the room-heatod 
wood with loose fibers and fine splinters breaks, while 
the frozen specimens manifest substantially more compact 
wedge- or oven plate-like fractures* The break is accom- 
panied almost instantaneously by a loud noise (fig. 28).^ 
Unusual also is the break on the frozon-pinc specimen (fig 
29), with perfectly smooth break of the fibers in tension. 
On the particular pine sample, the distance of the neutral 
fiber from the tensed neutral axis amounted to about 5 mil 
limcters (= 32*5 percent of specimen length), from the 
compressed neutral axis, about 13.5 nillimetors (= 57.5 
percent of specimen height). Hence the stress distribu- 
tion must differ substantially from the linear law, accord 
ing to ITavier, in an isotropic bending specimen, 

5. ILIPACT STHBJTG-TH 0? i^RO ZEIT " WOOD 



The breaking strength under impact - determined as 
ultimate impact energy under the pendulum hammer - in wood 
is subject to an unusual amount of scattering. Therefore 
the attainment of somewhat reliable data on the effects of 
internal or outside influences on the ultimate impact 
strength of wood calls for the execution, of elaborate test 
scries and statistical interpretation; or, the selection 
of the material must proceed along well-defined rules and 
the problem itself narrowly restricted. Within the frame- 
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work of the present research, the second avenue of attack 
was preferred - that is, laminated- wood specimens with 
different, hut porfoctly uniforuly distrioutod moisture 
content in the hygroscopic state wore tested for ultimate 
impact energy. The results are given in figure 30. At 
fioer saturation pointy the ultimate impact strength is 
only ahout 58 percent of that of the kiln-dried state. The 
scatter was quite small. A further unusual fact is that 
the ultimate impact strength of laminated wood apparently 
docs not depend upon the freezing temperature; at least, 
it co\ild not "bo proved for a tost scries of 13 specimens 
of laminated "beech wood with an average moisture content 
of 7.5 percent and cooled at -SO"^, -4CP, -30P, -20^ and -6^. 
The average ultimate impact strength of the specimens fro- 
zen at -50^ is 0.690 mkg/cm^ and 0 . 584 nikg/cm f or those 
frozen at -6^. On the contrary, Kracmer (reference 3l) 
estahlishcd a marked tcmporaturo effect oni synthetic resin 
products* 

Prom the technical point of view, the ultimate impact 
strength is prohahly the most important property, since it 
affords an insight into the oehavior of a suhstance under 
dynamic stresses and - as first proved "by Ivlonnin (refer- 
ence 29) - at the same time enables to a certain extent a 
summary appraisal of its elasticity and static "behavior. 
Intensified research is therefore particularly desirable 
in this respect, even if the obstacles on wood are great 
(reference 22), This is dictated not only by the multi- 
plicity of biological and chemical effects acting on the 
ultimate impact energy of wood - which, in part can can- 
cel, in part intensify, and so bring abo^it the aforemen- 
tioned fluctuations in spite of careful selection of test 
specimens - but also by the somewhat coarse test method 
with the Charpy machine. In the standardized impact test 
the energy required to break the test specimen is measured 
(ukg) and referred to the specimen cross section. A more 
logical way would bo to refer the impact energy to the 
volixme of the specimen betv/cen the supports. Of course, 
since the impact energy does not increase in proportion to 
this volume but manifests a minimum value for a certain 
slcndcrnoss ratio (ratio of span to specimen height), and 
becomes greater again on shorter as on more slender col- 
umns - even this method is unable to accord complete satis- 
faction (reference 32). 

In Prance, a device for approximate solution of the 
bearing reaction during impact testing, has been developed^ 
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It consists essentially of a support designed as small 
Brinell hardness indicator, the pressure of the wood spec- 
imen in the impact test acting through a steol hall on an 
aluminum rod of known hardness* The "bearing force is com- 
puted from the hardness numher and the measured spherical 
area of indentation. But how the transmission of this 
force is effectuated, within what time, and whether or not 
accompanied oy- oscillations is, of course, impossihlc to 
ascertain in this manner. The writer therefore decided on 
a refined method of ultimate impact testing with the Zeiss 
piezoelectric indicator. Based on a drawing of the "bear- 
ing on the pendulum hammer, the Zeiss- Ikon Co, designed a 
pressure eleraent, on which the "bearing reaction acts on 
the quartz pick-up. A more detailed description of the 
tost set-up and procedure is omitted at this time pending 
the puolication of a detailed report of the new test meth- 
od and its application to the dynaxmic testing of wood. 
The present version should therefore he considered merely 
as an interim report which, hovrevor, even as such, affords 
a new insight into the processes accompanying the ultimate 
impact testa The hearing impulses transmitted to a quartz 
crystal arc transformed in electric charges which then, 
after proper amplification, control a cathode-ray oscillo- 
graph* The "beam of the oscillograph falls on a strip of 
optically sensitive paper revolving at high speed, A 
simultaneousiv operating chronograph records time marks with 
0,001 3 distance. Figures 51 to 34 are specimen curves oh- 
tainod on frozen laminated wood. fundamentally similar 
pictures in a large nuiater were ohtained for different 
woods at different moisture contents. They teach the fol- 
lowing: The hreaking of the wood specimens under the pen- 
dulum hammer, at a speed of 4,89 meters per second on con- 
tact with the piece, occurs extremely quick. The "breaking 
stress, characterized "by the maximum force transmitted to 
the hearing, was reached within 0,00076 to 0,00113 second 
on the frozen laminated specimens. Through the striking 
hammer the har is excited to vibrations. The first im- 
pulse which the hammer imparts to the har sets up a reac- 
tion in the hearings within an extraordinarily short time 
which, on the average, amounts to ahout 75 percent of the 
subsequently highest hearing force reached. The time in- 
terval ox this first impact is so short that it cannot he 
measured with the aid of the time marks in the diagrams. 
But since a propagation of mechanical waves is involved, 
the duration can he mathematically appraised. The speed 
of propagation c of the elongation waves in solid bod- 
ies follows the equation 



c 




(15) 
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where E is the modulus of elasticity (kg/cm^) and P is 
the material density (kg s^/cm^). For the explored lami- 
nated wood it amounts to 



hence c - 4.5 X 10 cm/s or c = 4500 m/s at the partic 
ular temperatures and moisture contents, Tliis speed is 
equal to the velocity of sound in the laminated wood along 
the fiter. The pendulum hammer strikes in the middle of 
the spocimon; that is, by a 24-.ccntimot or span to each sup 
port the elongation waves have to travel a distance of 12 



second arc required. 

But "by virtue of the good elasticity and strength 
properties of the v;ood the hammer is "by no means able to 
break' the pieces imnediately but recoils a little at the 
first hit. Hammer and test piece form a vibration system, 
Prom the point of view of material mechanics, the damping 
in the wood is significant. Damping is the amount of en- 
ergy absorbed by the bar itself and obviously is so much 
greater as the v/ood is more tenacious. Even though the 
force-tine diagrams recorded with the piezoelectric indi- 
cator (without knov/ing at the same time the vibration am- 
plitudes which, moreover, would have to be plotted by some 
auxiliary means) afford no absolute data on the damping, 
they nevertheless give a good comparative picture through 
the area below the vibration curve up to the breaking 
stress. The behavior of the bars can be very dissimilar, 
according to this stress, that is, when the cohesion is 
largely overcome. By a completely smooth break, a single 
rapid drop of the pressure on the supports would have to 
occur. But on wood, it almost always results in splintery 
and, partially, even long-fibered breaks, so that certain 
residuary resistances must still be overcome. This appear 
in the force-time chart as after-vibrations. This is par- 
ticularly plain on wood which is not split in two by the 
impact test (such as good ash or hickory). The ratio of 
energy change before and after breaking might also permit 
certain deductions. 



E = 138,000 kg/cm^ , 



P = 8,15 X 10 kg s^/cm^ 



centimeters. To accomplish 



thi s , 




10^^ = 0,0000245 



Translation by J, Vanior, 
national Advisory Committee 
for Aeronautics, 
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Pigore 2.- Temperature variation in 
a kiln-dried "beech block 
(2x2x3 cm) after refrigerator 8tora<s:e 
(.38^0. 
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Figure I.- Low temperature (-60^0) 

refrigerator-designlTeres 
Ki,K2;Compressor; P.liquifier; 

Bi.Bgftank; Vi,V2t throttle valve; 
KP, thermostat; O,oil separator; 
VK,precooler; A, heat exchanger; 
D, evaporator; TK, refrigerator. 
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Pigure 3«- Temperature of pressure 

plate of testing machine 
during a test series. 
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Pigure 6.- Rise of elasticity 
modulus in laminated wood TBu 20 
(u=i;^) after refrigeration 
(-50^0) • a, sample here; h, sample 
in air-tight glass bottle. 
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Pigure 7.- Elasticity modulus of 

TBu 20 in the hygro- 
scopic zone at T=-f200 to -50 ^C. 



ITACA Technical Monorand^jrn Ho, 984 



Figs. 4,5,8,1'^ 
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?i'g}iVQ 4.- Doer ease of cor/iprossive 

stren.^th of frozen speci- 
mens duo to "iioating of 
prc-ssuro plates (of test 
points 1 to 6 in Fig. 3). 
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Figure 5.- Deflection of a 

lardnated v/ood 
TBu 20 (u = 7fo) -^ondor aver- 
ago load and for diff ei-ont 
spans . 
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Figure S.- Proportional rise 

of elasticity 
iv.odulus of TBu 20 at -50 ^C, 
plotted against room-heated 
saanples of equal moisture 
content. 



Figure 17.- 

"""Sffect of 
moisture 
content on 
the com^pressivc: 
strength of 
frozen and 
unfrozen 
hooch wood. 
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Figs. 9, 10, 11, 12, 13 
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Figure 9.- Effect of teniperature on 

compressive strength of 
kiln-dried fir. 
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Figure Effect of temperature 

on compressive strength 
of balsa wood, kiln-dried. 
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Figure 10,- Effect of temperature 
on compressive strength of "beech, 
kiln-dried and air-dried, and 
TBu 20, kiln-dried . 
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Figure 12.- Effect of temperature 

on compressive strength 
of different heavy wood. (Pigs, 9 to 
11). 



Figure 13.- Ascent of compressive 

strength-time curves 
plotted against gross weight. 
(Figs. 9 to 12). 
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rig».14,15»16, 23, 24,25 
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Piguree 23,24,25.- Belation l)etw©en gross 

weight and conqpresslye 
strength of frozen wood . (-42^C) . 
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FigTire 18.- Limiting curve betv/een strength and crystal phase 
of water. 
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Figure 19.- Rise of compressive strength of frozen beach 

against nonfrozcn samples of the sane i;:ioisture 
content. 
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Figure 30.- Breaking energy uiidor iiirpact of frozen lanina.ted 
wood (-50 ^C) in the hygroscopic zone. 
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Pigs. 20, 21^22, 31,32.33,34 
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Figures 20,21,22.- Relatione between 

gross weight and 
compressive strength of room-heated 
wood (f20^C). 
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Figures 31,32,33,34.- Time rate of 

fluctuations 
of the hearing force dtiring the ul- 
timate impact test recorded with 
Zeiss-Ikon piezo-electric indicator 
material: laminated TBu 20,u«6.656. 
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Figs.26,27,28,29 





Figure 27.- Break patterns of 

frozen compression 
san^les of walnut and red "beech 
wood* C"^ - -^ma>.) 




Figure 29,- Bending failure of 

a frozen (3a) and 
a room-heated (3"b) pine spec- 
imen. 



Figure 28.- Break of frozen and room- 
heated hending specimens* 

la, ash frozen 

Ih, ash room-heated 

2a, heech frozen 

2b, heech room-heated 




